comparison i s made between t h e c l a s s i c a l theory as exppunded by Davis and a more modern theory based on t h e concepts t h a t : ( 1 ) The energy i n t h e v e r y narrow shock o r detonation f r o n t i S high1 y nonergodi c , and thermal equilibrium, p a r t i c u l a r l y between t h e t r a n s l a t i o n a l and v i b r a t i o n a l energy modes, does n o t e x i s t i n t h e f r o n t ; ( 2 ) 
No r e a l i s t i c temperature can be a s c r i b e d t o t h i s very narrow zone; and ( 3 ) A physical regul a t o r which c o n s t r a i n s shock and detonation v e l o c i t i e s i s d ir e c t l y r e l a t e d t o t h e v i b r a t o r y v e l o c i t i e s o f t h e atoms of t h e shocked m a t e r i a l s .
The paper includes a s h o r t h i s t o r i c a l summary, a s t a t ement o f some c r u c i a l d e f i c i e n c i e s i n t h e c l a s s i c a l theory, and it contains t h e p r e s e n t a t i o n and discussion o f a number o f experiments and mathematical arguments favoring t h e a l t e rn a t i v e theory. Among t h e s e a r e experimental observations made i n t h e 1960s and 1970s and continuing t o t h e present. Proposa l s o f tribochemical o r mechanical bond f r a c t u r e i n shock f r o n t s i n explosives were made a s e a r l y a s 1938, and t h e y appeared occasionally i n l a t e r years, but t h e y were o f t e n ignored. F i n a l l y , r e s u l t s from more r e c e n t experiments and c a l c u l a t i o n s a r e summarized, which appear t o support f o r c e f u l l y t h e a l t e r n a t i v e theory.
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INTRODUCTION
The e a r l y h i s t o r y o f t h e study o f t h e detonation o f exp l o s i v e s was reviewed by W.C. Davis i n t h e May 1987 i s s u e o f t h e S c i e n t i f i c American--from t h e synthesis and detonation o f n i t r o g l y c e r i n by Ascanio Sobrero i n 1846 through t h e development of t h e ZND theory by Yakov Zel'dovich, John von Neumann, and Werner Doering. He discussed t h e pioneering a n a l y s i s done by David Chapman and m i l e Jouguet t h a t l e d t o t h e C -J theory, from which most modern t h e o r e t i c a l s t u d i e s have been derived.
The concepts included i n t h e ZND model provided u s e f b l hypotheses a s t o how detonation i s s t r u c t u r e d and maintained. According t o t h e model, a shock wave propagates i n t o t h e unrea c t e d explosive and compresses it i n s t a n t l y . This compression, modeled a s a p i s t o n moving a g a i n s t t h e explosive, provides enough heat t o i n i t i a t e chemical r e a c t i o n s ( i n thermal e q u i l ibrium) behind t h e shock f r o n t which r e l e a s e t h e explosive energy. This chemical energy produces t h e high temperature and p r e s s u r e which maintain t h e detonation. The expansion of t h e r e a c t i o n s ' gases provides t h e f o r c e s t h a t a r e observed a s t h e u s e f u l work, o r t h e d e s t r u c t i v e power, o f t h e high explosive. Fig. 1 
From t h i s theory, a r a t h e r complex formalism with t h e a s s o c i a t e d mathematics was developed. Davis described t h i s formalism, a s shown g r a p h i c a l l y i n

. B r i e f l y , a p l o t of a l l possible pressure values i n a shocked m a t e r i a l ( t h e materi a l behind a shock wave) f o r a l l p o s s i b l e values o f t h e shock v e l o c i t y i n t h e m a t e r i a l i s c a l l e d a Hugoniot curve ( a ) . A l l
t h e p o s s i b l e s t a t e s ( p r e s s u r e and m a t e r i a l v e l o c i t y ) o f a shocked m a t e r i a l f o r a given shock-wave v e l o c i t y can be depicted i n the Hugoniot-curve coordinate system a s a s t r a i g h t l i n e , a Rayleigh l i n e , whose slope i s proportional t o t h e shock-wave v e l o c i t y . The f i n a l s t a t e o f a m a t e r i a l under t h e influence o f a shock wave with a given v e l o c i t y i s shown g r a p h i c a l l y a s t h e p o i n t a t which i t s Hugoniot curve i n t e r s e c t s t h e s p e c i f i c Rayleigh l i n e , a s seen i n Fig. l ( a ) . r e a c t e d explosive, as well a s f o r t h e unreacted and completely reacted m a t e r i a l . The explosive w i l l be a t a higher pressure i n i t s unreacted (1) and p a r t i a l l y r e a c t e d ( 2 ) s t a t e s , a s seen i n Fig. l ( c ) . A higher detonation v e l o c i t y ( a s t e e p e r Rayleigh l i n e ) denotes a "strong" detonation, a s seen i n Fig. l ( d ) . I n some c a s e s , a temporary s t a t e ( 3 ) i s p o s s i b l e i n which t h e Hugoniot curve l i e s above t h e curve f o r t h e completely reacted explosive. T h i s s t a t e describes a "weak" detonation, which can reach a f i n a l s t a t e ( W ) t h a t has a lower m a t e r i a l v e l o c i t y and p r e s su r e t h a n i n t h e C -3 s t a t e .
The C -J theory maintains t h a t t h e p o i n t a t which t h e Rayleigh l i n e i s tangent t o t h e Hugoniot f o r t h e comp l e t e l y reacted explosive ( t h e C -J p o i n t ) s p e c i f i e s t t h e s t a t e from which t h e
This i s a macroscopic theory t h a t can be modeled with hydrodynamic and thermodynamic algorithms, b u t it denies t h e importance o r even t h e n e c e s s i t y f o r k i n e t i c i n p u t s , and it provides no h e l p f u l microscopic i n s i g h t s . A s Davis s t a t e s (Ref. l ) , "In s p i t e of t h e v a r i e t y o f modern a p p l i c a t i o n s of
explosives, detonation science has n o t reached maturity . . ., and, " S c i e n t i s t s who study explosions a r e spurred on by being c o n s t a n t l y reminded t h a t t h e c u r r e n t detonation theory i s incomplete. "
The C -J and ZND t h e o r i e s l e a d t o t h e conclusion t h a t t h e "constant" detonation shock waves observed f o r p a r t i c u l a r materi a l s cause t h e explosive m a t e r i a l t o t u r n i n t o gaseous products a t a temperature s u f f i c i e n t t o j u s t e x a c t l y provide t h e c o r r e c t p r e s s u r e t o maintain t h e c o r r e c t detonation v e l o c i t y . Theref o r e , t h e proponents o f t h e s e t h e o r i e s have developed a number o f equations o f s t a t e (EOS) with some r a t h e r a r b i t r a r y c o e f f i ci e n t s and parameters t o c a l c u l a t e t h e " c o r r e c t " temperatures and pressures i n t h e r e a c t i o n products. Two q u i t e r e c e n t s t a t ements on the f a i l u r e o r inaccuracy o f EOSs a r e given and d i scussed i n a l a t ? e r s e c t i o n .
The p r i n c i p a l purpose o f t h i s r e p o r t i s t o present f o r comparison a q u i t e d i f f e r e n t theory, o r hypothesis, which des c r i b e s both i n i t i a t i o n and detonation i n a microscopic o r molecular regime, includes new k i n e t i c p r i n c i p l e s , and gives a physical explanation f o r t h e constancy of detonation v e l o c i t i e s .
To d i r e c t a t t e n t i o n t o t h e s i g n i f i c a n t a s p e c t s of t h e experiments and c a l c u l a t i o n s t o be reviewed i n t h e following s e c t i o n s , here a r e t h e b a s i c concepts of t h i s modern theoryr 1. The i n i t i a t i o n o f explosive r e a c t i o n by shock waves i n chemical explosives i s determined by ( a ) t h e production by t h e2 . The exceedingly high k i n e t i c energy o f momentum t r a n sf e r i n t h e d e t o n a t i o n f r o n t i s s u f f i c i e n t t o cause massive f r a c t u r e o f t h e c o v a l e n t bonds o f t h e e x p l o s i v e s molecules a t and n e a r t h e f r o n t so t h a t t h e l a r g e m a j o r i t y o f t h e molecules are broken, a s i n t h e i n i t i a t i n g shock, t o i n d i v i d u a l atoms, r a d i c a l s , molecular fragments, i o n s , and t h e y a r e rearranged e x t e n s i v e l y . These p a r t i c l e s can t h e n r e a c t i n about 10-'lc t o 10-l2 s t o provide t h e chemical energy which d r i v e s t h e d e t o n a t i o n . (Ref. 3 ) .
3. The energy i n t h e v e r y narrow shock o r d e t o n a t i o n f r o n t i s nonergodic, and thermal e q u i l i b r i u m , p a r t i c u l a r l y between t h e t r a n s l a t i o n a l and v i b r a t i o n a l energy modes, does n o t e x i s t i n t h e f r o n t . No r e a l i s t i c temperature can be a s c r i b e d t o t h i s zone (Ref 4 ) .
A p h y s i c a l r e g u l a t o r c o n s t r a i n s t h e shock and d e t o n a t i o n v e l o c i t i e s , and t h i s r e g u l a t o r i s d i r e c t l y r e l a t e d t o t h e v i b r at o r y v e l o c i t i e s o f t h e atoms o f t h e shocked m a t e r i a l (Ref. 5 ) .
T h i s concept o f d e t e m i n i n g energy r e l e a s e r a t e s o r r e a c t i o n r a t e s through a nonequilibrium p r o c e s s based on t h e r e l a t i v e v i b r a t i o n v e l o c i t i e s o f t h e atom p a i r s and groups involved, i s designated as p h y s i c a l k i n e t i c s .
A summary o f comparisons o f t h e c l a s s i c a l and t h e modern t h e o r y i s given i n Table 1 t o a s s i s t i n t h e e l u c i d a t i o n o f t h e d i f f e r e n c e s a s t h e y a r e p r e s e n t e d i n t h e following d i s c u s s i o n . EARLY SIGNIFICANT CLASSICAL STUDIES
Discussion o f s e v e r a l e a r l y experiments and t h e o r e t i c a l a n a l y s e s may a i d i n understanding t h e d e p a r t u r e s o f t h e new t h e o r y from what have been c a l l e d t h e c l a s s i c a l s t u d i e s i n shock i n i t i a t i o n and d e t o n a t i o n . Campbell e t a l . ( R e f . 6 ) conducted some e l a b o r a t e experiments i n t h e e a r l y 1960s on t h e i n i t i a t i o n t o d e t o n a t i o n o f homogeneous (nitromethane) and heterogeneous (Ref. 7 ) (PBX-9404, a plastic-bonded HMX) explos i v e s . Analysis o f t h e experiments i n which nitromethane (NM) was i n i t i a t e d with shocks o f about 8 GPa and d u r a t i o n s o f about l p s l e d t h e experimenters t o t h e conclusion t h a t t h e shock wave compressed t h e NM; t h e compression heated t h e NM t o some v a l u e a t which s i g n i f i c a n t thermal r e a c t i o n began; and, a f t e r a n i n d u c t i o n p e r i o d , t h e d e t o n a t i o n wave o r i g i n a t e d a t t h e NM f a c e f i r s t impacted, t r a v e l e d through t h e compressed l i q u i d o v e r t a k i n g t h e shock f r o n t , and continued i n t o t h e unshocked m a t e r i a l . The e n t i r e p r o c e s s was considered t o be a thermal e q u i l i b r i u m process. The a c t i v a t i o n energy presumed was about 59 kcal/mole, as i n low temperature thermal decomp o s i t i o n .
The a n a l y s i s o f heterogeneous i n i t i a t i o n w a s n o t so e a s i l y reached, because t h e bulk temperature i n a n e x p l o s i v e shocked s t r o n g l y enough t o cause i n i t i a t i o n t o d e t o n a t i o n w a s b e l i e v e d n o t t o be n e a r l y high enough t o produce s u f f i c i e n t Table 1 . Compari C l a s s i c a l Theory s o n s o f t h e C l a s s i c a l and t h e Modern T h e o r i e s Modern Theory Concepts, P r i n c i p l e s and Observations The shock a c t s a s a p i s t o n , compression h e a t i n g , e q u i l ibrium thermal decomposition, Arrhenius k i n e t i c s , thermodynamic d e t e r m i n a t i o n and c o n t r o l o f d e t o n a t i o n v e l o c i t y , many d i f f e r e n t e q u a t i o n s -o f -s t a t e r e q u i r e d .
Theory Concept
Shock energy c a r r i e d i n v e r y narrow zone by momentum t r a n sf e r , v e r y high energy g r a d i e n t f o r c e s cause mechanical f r a ct u r e o f c o v a l e n t bonds, p h y s i c a l k i n e t i c s , d e t o n a t i o n v e l o c i t y determined and c o n t r o l l e d by average r e l a t i v e v i b r a t i o n a l v e l o c i t i e s o f atom p a i r s o r i n molecular fragments, e q u a t i o n so f -s t a t e n o t v a l i d .
Corresponds w e l l w i t h mechanic a l f r a c t u r e concept and react i o n r a t e s observed. Very d i ff e r e n t from Arrhenius k i n e t i c s . Mechanical f r a c t u r e o f c o v a l e n t bonds i n shock f r o n t l e a d s t o h o t s p o t s , c r i t i c a l energy f l u e n c e r e q u i r e d f o r i n i t i a t i o n . Explained by d i f f e r e n t f r a c t i o n s o f thermal and shock i n p u t .
No good e x p l a n a t i o n . Eyring ' S S t a r v a t i o n K i n e t i c s Shock a c t s a s p i s t o n for comp r e s s i o n h e a t i n g , r e q u l r e s v a ri o u s c o n c e p t s o f t h e r m a l h e a ti n g t o form h o t s p o t s .
No good e x p l a n a t i o n .
Shock I n i t i a t i o n o f Heterogeneous Explosives
D i f f e r e n c e s i n S e n s i t i v i t y i n Various S e n s i t i v i t y T e s t s Time t o I n i t i a t i o n o f NM a t Low Shock P r e s s u r e s A c c e l e r a t i o n o f Shock Front w i t h Non-I n i t i a t i n g Shocks
No good e x p l a n a t i o n , V i o l a t i o n o f t h e o r y .
Explained by p h y s i c a l k i n e t i c s .
No good e x p l a n a t i o n , Mechanical f r a c t u r e o f bonds i n and n e a r t h e shock f r o n t .
I n i t i a t i o n t o Detonat i o n by Free-Radical Gradient
The high energy g r a d i e n t forms shock wave which i n i t i a t e s d e t o n a t i o n . Explained by massive mechanical bond s c i s s i o n .
BTNEA Experiment
No e x p l a n a t i o n ; v i o l a t i o n o f t h e o r y . No good e x p l a n a t i o n . No good e x p l a n a t i o n . Shock-Induced Chemi s t r y , R. Graham e t a 1 Very l i t t l e h e l p .
Understanding o f Microscopic P r o c e s s e s P r o v i d e s r a t i o n a l e x p l a n a t i o n s .
Isomer P a i r s D i f f e r i n Thermal o r Shock S e n s i t i v i t y I t i s probable t h a t t h e y would d i f f e r , s i n c e one decomposition i s t h e r m a l , and t h e o t h e r i s by mechanical bond f r a c t u r e . D i f f i c u l t e x p l a n a t i o n . Detonation a t Low V e l o c i t y D i f f e r e n t k i n e t i c r a t e due t o l o w e r l e v e l o f bond f r a c t u r e a t lower i n i t i a t i o n p r e s s u r e . With b e s t e q u a t i o n -o f -s t a t e , c a l c u l a t i o n i n e r r o r by 1 4 . 5 5 C a l c u l a t e d Detonation V e l o c i t y o f E25 (PETN/Paraffins75/25) C a l c u l a t e d by Hugoniot v a l u e s and e m p i r i c a l formula w i t h i n 0.5%.
Note: There a r e s t i l l q u e s t i o n s about how t o e x p l a i n deflagration-to-detonation t r a n s f e r (DDT) and how t o determine t h e temperature i n a shock f r o n t . The modern t h e o r y proposes t e m p e r a t u r e s o f about 10,000 t o 30,000 K v e r s u s 3,000 t o 5,000 K by t h e thermodynamic t h e o r y i n t h e d e t o n a t i o n f r o n t . r e a c t i o n t o l e a d t o a detonation i n t h e time obsenred. Prev i o u s l y , Bowden, Gurton and J o f f e (Refs. 8 , 9 ) proposed and observed t h a t small c e n t e r s of concentrated r e a c t i o n d i d occur, and they then assumed t h a t a n energy-concentrating mechanism produced "hot s p o t s " i n t h e bulk explosive. Many explanat i o n s and processes have been proposed f o r t h i s phenomenon: ( a ) Gases i n voids i n t h e explosive were compressed and heated; t h i s h e a t was t r a n s f e r r e d t o t h e molecules around t h e voids! and t h e r e a c t i o n s t a r t e d on t h e void surface.
( b ) The shock waves c o l l i d e d o r reinforced o t h e r waves when t h e y moved through and around t h e explosives c r y s t a l s , t h u s causing s p o t s of higher pressure.
( c ) The shock caused f r i c t i o n between t h e explosive g r a i n s , and t h i s f r i c t i o n produced small a r e a s of high temperature.
Other explanations were suggested, but none have been w e l l q u a n t i f i e d .
To check t h e concept o f t h e gases i n t h e voids being compressed and heated, experimenters compacted explosives i n a tmospheres of gases with d i f f e r e n t h e a t c a p a c i t i e s . The i d e a was t h a t t h e gases t h a t were heated t o higher temperatures by t h e shock compression would cause i n i t i a t i o n i n s h o r t e r times. This proposed c o r r e l a t i o n w a s not observed. I t has been assumed t h a t t h e r e i s compression o f gases i n voids, some f r i c t i o n between g r a i n s , and some shock i n t e ra c t i o n s and r e f l e c t i o n s , but no v e r y convincing arguments have been made t h a t "proved" any of these concepts as t h e sources o f e f f e c t i v e hot spots. However, t h e hypothesis has p e r s i s t e d t h a t some macroscopic process w i t h i n t h e shock wave produces hot s p o t s from which t h e i n i t i a t i n g r e a c t i o n develops.
A number o f t e s t s were developed i n t h i s e a r l i e r period t o measure and compare t h e shock s e n s i t i v i t y o f explosives t h e n i n use and under study. There were wedge t e s t s , cardgap t e s t s , drop-hammer t e s t s , and gun t e s t s . Analyses o f t h e s e t e s t s were g e n e r a l l y based on a value o f shock pressure a t which t h e explosive would detonate, u s u a l l y some 50% o f t h e t r i a l s . Experimenters observed, but did n o t e x p l a i n why, some explosives were more s e n s i
t i v e t h a n o t h e r s i n one t e s t and l e s s s e n s i t i v e i n another. Several t e s t s , such a s t h e drop-hammer and s k i d t e s t s , had components o f heating t h a t r e s u l t e d from f r i c t i o n o r m a t e r i a l flow t h a t a l s o l e d t o some confusion i n t h e i n t e r p r e t a t i o n of t h e r e s u l t s , but t h e y d i d provide u s e f u l information f o r r a t h e r s p e c i f i c s i t u a t i o n s .
A g r e a t s t r e n g t h of opinion had developed i n t h e explos i v e s l i t e r a t u r e and i n t h e community studying i n i t i a t i o n and detonation t h a t shock p r e s s u r e (compression) alone ( o r predominantly) w a s t h e determinant i n shock i n i
t i a t i o n (very l i k e l y because o f t h e p i s t o n model). A s a r e s u l t o f t h i s , when a very p r e c i s e s e t o f some 60 experiments was l a t e r performed on t h e i n i t i a t i o n o f PBX-9404 (Ref. 10) by t h e impact o f aluminum p l a t e s , the experimenter f a i l e d t o analyze t h e d a t a properly.
Henry Eyring and colleagues (Ref. 11) a t t h e U n i v e r s i t y o f Utah i n t h e 1940s, s t u d i e d r e a c t i o n r a t e s i n detonating explosives. One s t r i k i n g r e s u l t from t h e i r observations and analyses i n t h i s e a r l y period i s t h a t t h e r e a c t i o n r a t e s , as c a l c u l a t e d from t h e detonation v e l o c i t i e s , a r e q u i t e s i m i l a r f o r a l l of t h e explosives t h e y s t u d i e d , even though t h e lowtemperature decomposition r a t e s and t h e thermodynamic energy content a r e q u i t e d i f f e r e n t . L a t e r , Eyring and o t h e r a s s o c ia t e s analyzed t h i s d i s t u r b i n g observation a g a i n (Ref. 1 2 ) . They s t u d i e d m a t e r i a l s a s d i f f e r e n t as cyclopropane, t e t r y l , and mixed explosive compositions. I n a l l cases, t h e y found t h a t t h e logarithms of t h e r e a c t i o n r a t e s f o r assumed firsto r d e r decompositions were about 6.0 + 0.5 (Ref. 13). Eyring's a n a l y s i s from r e a t i o n -r a t e theory l e d t o h i s concept o f " s t a r v a t i o n k i n e t i c s , " i n which he c a l c u l a t e d t h a t only 20 degrees of freedom i n any of the explosives molecules he studi e d were c o n t r i b u t i n g energy t o t h e bond t h a t was first t o break, no m a t t e r how l a r g e t h e molecule might be. This w a s markedly d i f f e r e n t from Arrhenius k i n e t i c s o r a thermal equilibrium process.
S1 GNI l?t CANT EXPERIMENTS AND CALCULATIONS I N SUPPORT OF THE NEW THEORY
Some 25 years ago, Richard Wasley and I began a s e r i e s o f experiments on t h e i n i t i a t i o n and detonation o f explosives with t h e o b j e c t o f extending t h e d a t a i n t o some unexplored a r e a s . I n preparation f o r t h e e a r l y experiments, we reviewed some data (~e f . 10) obtained on t h e shock i n i t i a t i o n o f PBX-9404 with impacting aluminum p l a t e s . Our i n t e r p r e t a
t i o n o f t h e d a t a was v e r y d i f f e r e n t from t h a t published, and it l e d t o t h e d e r i v a t i o n and p u b l i c a t i o n o f t h e c r i t i c a l energy fluence concept (Ref. 1 4 ) o f shock i n i t i a t i o n f o r heterogeneous explosives. The equation which describes t h e concept, i s e a s i l y derived from t h e k i n e t i c energy and Hugoniot equat i o n s . I t s e r v e s well t o describe shock i n i t i a t i o n i n most o f t h e generally-used explosives i n t h e range o f shock and detonation p r e s s u r e s from about 0.3 t o 40 GPa. I n t h e equation, t i s t h e time width o f t h e i n i t i a t i n g shock p u l s e , P i s i t s p r e s s u r e , p i s t h e i n i t i a l d e n s i t y o f t h e explosive, and Us i s t h e shock v e l o c i t y a t t h e p r e s s u r e P.
This concept and t h e equation provide t h e explanation f o r t h e previously observed s e n s i t i v i t y anomalies i n t h e init i a t i o n o f a s p e c i f i c explosive i n v a r i o u s s e n s i t i v i t y t e s t s .
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Additionally, it was shown (Ref. 15) t o provide a r a t i o n a l c o r r e l a t i o n f o r d a t a from t e n d i f f e r e n t sources and t e s t methods, over n e a r l y seven o r d e r s o f magnitude i n time and t h r e e i n pressure, f o r PBX-9404 and o t h e r HMX-based explosives.
The reason t h i s q u i t e simple r e l a t i o n s h i p was not d i scovered f o r so many years appears t o be a r e s u l t of t h e h i st o r i c a l development of explosives t h e o r i e s based on t h e p i s t o n concept. Thus p r e s s u r e , not energy fluence, was considered t o be t h e determinant o f i n i t i a t i o n . The p i s t o n concept was both t h e genius and t h e demon o f t h e C -J and ZND t h e o r i e s .
Low-Pressure I n i t i a t i o n o f Nitromethane
The i n i t i a t i o n d a t a on nitromethane were meager i n 1968. I t had been observed t h a t about 8 GPa o f shock pressure was required t o i n i t i a t e NM t o detonation. Here again, t h e o l d concept was held of pressure being t h e determinant o f i n i t ia t i o n , bu* i t was found t h a t t h e detonation was observable i n about one microsecond.
I n an e f f o r t (Ref. 1 6 ) t o determine i f t h e c r i t i c a l energy hypothesis might a l s o apply i n some degree t o i n i t i at i o n i n homogeneous systems, we used a n experimental design (shown i n Fig. 2 ) t o provide n e a r l y r e c t a n g u l a r shock waves o f about 5.0 t o 6.5 GPa t h a t p e r s i s t e d f o r more t h a n 20 microseconds. According t o t h e thermal-equilibrium concept, t h e time t o i n i t i a t i o n o f NM a t a pressure o f 6.0 GPa should be n e a r 0.1 S (Ref. 6 ) , a s seen i n Fig. 3 . What we observed most c l e a r l y i n both framing-camera and streak-camera records ( s e e f o r example Fig. 3 ) was t h a t i n i t i a t i o n a t 6.0, 6.2 and 6.5 GPa occurred i n approximately 20, 16 and 10 microseconds, r e s p e c t i v e l y . This i s some 4 orders of magnitude s h o r t e r i n time (Fig. 3 ) t h a n p r e d i c t e d by t h e thennal equilibrium theory.
This very s h o r t time t o detonation w a s n o t t h e only curi o u s r e s u l t . I t was a l s o evident t h a t t h e detonation had not s t a r t e d a t t h e nitromethane f a c e first put under pressure and heated, as t h e o l d theory required, but it appeared a t some p o s i t i o n very n e a r t h e shock f r o n t . The f i l m records show c l e a r l y t h a t a r e t o n a t i o n a l s o proceeds from -t h e i n i t i a l detonation s i t e back toward t h e face f i r s t impacted. I n f a c t , i f t h e detonation had s t a r t e d a t t h i s f a c e f i r s t put under compression, the streak-camera f i l m shows t h a t i n i t i at i o n a t 6.0 GPa would have occurred i n an even s h o r t e r time--about 8 microsecgnds.
The c r i t i c i s m from t h e explosives community was t h a t t h e r e must have been some d e f e c t i n t h e f i v e v e r y c o n s i s t e n t experiments. However, a f t e r more t h a n 20 years, no d e f e c t has been found o r reported. 
Acceleration o f t h e Shock Front i n Nitromethane with
Non-Initiating Shocks
The r e s u l t s from t h e NM experiments j u s t described brought i n t o doubt t h e c l a s s i c a l model o f t h e i n i t i a t i o n of homogeneous explosives. Strong evidence e x i s t e d t h a t some chemical r e a c t i o n was s t a r t e d a t o r v e r y n e a r t h e shock f r o n t t h a t grew r a p i d l y c l o s e behind t h e f r o n t i n t o a detonation. Also, streak-camera records provided evidence t h a t before t h e detonation appeared, t h e shock f r o n t was being a c c e l e r a t e d some small amount.
To explore t h i s p o s s i b i l i t y f u r t h e r , we designed a s e r i e s o f experiments (Ref. 1 6 ) i n which t h e v e l o c i t y o f n o n -i n i t ia t i n g shock waves developed i n ethylene g l y c o l could be measured as t h e shocks passed through tanks o f NM.
Framing came r a s showed t h a t t h e shocks were a c c e l e r a t e d above t h e expected hydrodynamic v a l u e s a s t h e y passed through t h e NM and t h a t t h e i n c r e a s e d r a t e o f a c c e l e r a t i o n was a d i r e c t f u n c t i o n o f t h e shock pressure p r o f i l e . Additionally, a computerc a l c u l a t e d model of t h e experiment (Fig. 4) showed t h a t t h e amount o f nitromethane decomposition energy (about 1 t o %) r e q u i r e d t o explain t h e experimental d a t a , when included i n t h e c a l c u l a t i o n s , gave a n e x c e l l e n t reproduction o f t h e experimental r e s u l t s .
This i s a key observation, because it i n d i c a t e s a l e v e l o f r e a c t i o n i n o r v e r y n e a r t h e shock f r o n t t h a t i s g r e a t e r than a thermal-equilibrium process would produce. F ' r t h e rmore, it shows t h a t t h e shock-front a c c e l e r a t i o n occurs with no subsequent explosion o r detonation i n t h e NM t o provide energy t o t h e shock from behind it. More e x p l i c i tl y , it says t h e shock f r o n t i s a v e r y narrow, non- 
I n i t i a t i o n P a t t e r n s Produced i n Explosives by Low-Pressure Long-Duration Shock Waves
Following t h e previous experiment, it seemed important t o i n v e s t i g a t e t h e shock f r o n t and t h e a r e a n e a r i t more c l o s e l y t o study any observable processes t h e r e . I n t h r e e new experiments with low-pressure shocks (4.0 t o 6.0 GPa), we designed and f i r e d long-duration (20 t o 40 microseconds) shocks. The reason f o r working i n t h e lower shock-pressure regime i s t h a t t h e i n i t i a t i o n zone and time a r e lengthened. T h i s allows more d e t a i l e d and e x p l i c i t framing-camera records t o be obtained. Fig. S ) , a s p h e r i c a l shock wave produced i n a l a r g e tank o f water a s s e s o v e r two d i s k s o f LX-l0 ( a plastic-bonded HMX explosiveP.
I n t h e f i r s t experiment o f t h i s s e t ( s e e
The photo record obtained by t h e framing camera shows t h a t t h e number o f i n i t i a t i o n s i t e s i s a d i r e c t f u n c t i o n o f t h e shock pressure and t h a t t h e s i t e s appear q u i t e randomly i n time and space. T h i s work w a s corroborated i n a s i m i l a r experiment by L. G. Green a t t h e Lawrence Llvermore Laboratory.
I n a f o llowing experiment, i n which NM w a s shocked j u s t below a n i n i t i a t i o n l e v e l (Ref. l?), random c e n t e r s o f r e a c t i o n a g a i n appeared and coalesced behind t h e shock f r o n t , b u t ahead o f t h e f a c e f i r s t put i n c~m p r e s s i o n .
I n a l l o f t h e s e experiments, abs o l u t e l y no evidence e x i s t e d f o r a detonat i o n developing a t t h e s u r f a c e f i r s t impacted. 
m deep
Although t h e photos were s o p l a i n t h a t no a l t e r n a t e explan a t i o n s were s e ri o u s l y proposed, conducted independently corroborated t h e r e s u l t s i n t h e s o l i d explosives, t h e d a t a were g e n e r a l l y simply ignored because t h e y d i d not f i t t h e h i s t o r i c model.
Forces and Temperature i n t h e Shock Front
and n e a r a shock f r o n t showed t h a t mecha n i c a l f o r c e s on atomic dimensions were l i k e l y t o be s t r o n g e r t h a n t h e covalent bonds ( i . e . , C-N, N-0, C-C) i n organic ex-
, and e s s e n t i a l l y i n p l a c e , t o produce t h e chemical energy t h a t would a c c e l e r a t e t h e shock f r o n t o r detonation f r o n t and maintain i t .
Another f a c e t o f t h i s study o f t h e shock f o r c e s i n and n e a r t h e f r o n t i s t h a t t h e microscopic l a t t i c e can be d i s t o rt e d , and t h e atoms r i g h t i
n t h e f r o n t must be a c c e l e r a t e d f o r a t l e a s t some small d i s t a n c e (about 1 t o 4 angstroms) up t o t h e v e l o c i t y o f t h e shock o r detonation wave by t h e momentum from t h e atoms immediately behind them. A s t h e shock f r o n t i s , i n r e a l i t y , t h e motion o f t h e s e atoms i n t h e f r o n t , t h e y a r e a c c e l e r a t e d from some random thermal motion t o t h e veloc i t y and with t h e more n e a r l y u n i a x i a l motion o f t h e shock. The magnitude o f t h e average a c c e l e r a t i o n can be c a l c u l a t e d e a s i l y from v a = % .
( 2 ) The f o r c e , f = ma, providing t h i s a c c e l e r a t i o n can exceed t h e covalent bond s t r e n g t h (Ref. 2 ) , so t h a t t h e explosive materi a l ( o r o t h e r organics) would be fragmented a t open f a c e s , v o i d s , and some d e f e c t s . This has been corroborated i n many molecular dynamics (MD) c a l c u l a t i o n s , with i n d i c a t i o n s t h a t a t v e r y high shock p r e s s u r e s , s c i s s i o n can occur w i t h i n t h e l a t t i c e and w i t h i n enclosed molecules.
One o t h e r s i g n i f i c a n t f a c t t h a t must be considered i n f h i s context i s t h a t a t t h e f r o n t , t h e major motion o f t h e atoms i s d i r e c t e d i n one dimension, along t h e a x i s o f t h e shock, so t h a t temperature, normally considered a s random gaussian motion o f t h e atoms, i s n o t a v i a b l e concept w i t h i n t h e shock f r o n t (Ref. 20) . A t some d i s t a n c e behind t h e f r o n t where thermal equilibrium i s a g a i n approached ( t e n s o f p s t o n s ) a temperature may be measured. Great e f f o r t s t o measure temperature i n t h e f r o n t have been disappointing. Estimates o f t h e "one-dimensional" temperatures i n v a r i o u s detonating explosives, based on t h e one-dimensional v e l o c i t i e s along t h e shock a x i s , have ranged from 10,000 t o 30,000 K (Ref. 20).
Free Radical I n i t i a t i o n o f Gases P. Urtiew, E. Lee and I 
This demonstration o f t h e production o f a detonation from a high concentration o f f r e e r a d i c a l s without a n impacti n shock was supported i n experiments by J. Lee e t a l . y i n g p l a t e s i n a n a i r gun. The r e s u l t s were c o n s i s t e n t with t h e drophammer r e s u l t s .
I n e r t s o l i d s and l i q u i d s , v e r y hard and g r a i n y m a t e r i a l s , and some v e r y s e n s i t i v e explosives were added t o t h e TNT i n s e p a r a t e c o n t r o l s t u d i e s . However, t h e changes i n s e n s i t i v i t y made by t h e f r e e -r a d i c a l donors and g e t t e r s were much g r e a t e r t h a n with any o f t h e c o n t r o l a d d i t i v e s .
I n i t i a t i o n and Detonation o f Nitromethane w i t h Diethylene
Triamine (DETA) Added Table 2 . and Fig. 6a . Table 2 and Fig. 6b a l ' *l. u r e s , t h e " C -J pressure" o f t h e new nitromethane r e a c t i o n with 0.05% o f DETA added would appear t o be n e a r 1 9
Although amines were known t o s e n s i t i z e NM t o shock i n it i a t i o n , n o t much q u a n t i t a t i v e d a t a r e l a t i n g t o t h i s observat i o n existed. Therefore, Wasley and I conducted a s e r i e s o f experiments (Ref. 23) u s i n g t h e same geometry shown i n Fig.2, b u t now s m a l l amounts (0.01 t o 5.0 W%) of DETA were added t o t h e nitromethane j u s t before t h e experiments were f i r e d . The decrease i n time t o i n i t i a t i o n a s a function o f DETA concent r a t i o n i s shown i n
s o show t h a t t h e detonation veloc i t y o f t h e nitromethane changed as a f u n c t i o n o f DETA concen-
t r a t i o n . This was another s p e c i f i c v i o l a t i o n o f t h e C -J , ZND, and o t h e r c l a s s i -
c a l concepts. Changes i n r e a c t i o n k i n e t i c s were n o t supposed t o a f f e c t detona-
L, t i o n v e l o c i t i e s . Further,
GPa. This would r e q u i r e a dramatic change i n r e a c t i o n r a t e . A t a l e v e l o f 0.05% DETA, t h e measured detonation v e l o c i t y i n t h r e e s e p a r a t e experiments was about 6.72 km/s, compared t o t h e normal value o f 6.32. This would seem t o r e q u i r e t h a t f r e e -r a d i c a l mechanisms enhanced by t h e DETA be involved t o g i v e t h e r e s u l t s shown i n Table 2 and Fig. 6b . The dashed l i n e i n Fig. 6b 
shows t h e detonation v e l o c i t y t h a t was calcul a t e d with t h e TIGER code (Ref. 25). u s i n g a s e l e c t e d EOS and t h e thermodynamic p r i n c i p l e s from t h e o l d model. Several o t h e r i n t e r e s t i n g r e s u l t s were observed i n t h i s s e r i e s o f t e n h i g h l y t e c h n i c a l and c o s t l y experiments. A s i n t h e e a r l i e r work w i t h n e a t NM, t h e o r i g i n o f t h e detonation i s a t o r v e r y n e a r t h e shock f r o n t i n t h e experiments with 0.1% o r l e s s o f added DETA. The r e t o n a t i o n from t h e zone where t h e detonation o r i g i n a t e d i s c l e a r l y evident. The redbrown c o l o r (probably from n i t r o g e n d i o x i d e ) , a l s o s e e n by
Cook (Ref. 25) i n h i s NM i n i t i a t i o n s t u d i e s , i s shown i n t h e framing-camera r e c o r d s t o sweep Sackwards toward t h e f a c e f i r s t impacted, i n consanance with t h e r e t o n a t i o n . I n t h e s e experiments with t h e lower concentrations o f DETA, some i n it i a t i o n s i t e s appeared a t separated p o i n t s a t t h e shock f r o n t and coalesced i n t o t h e detonation f r o n t , a s seen i n o u r e a rl i e r experiments w i t h low pressure shocks.
When t h e DETA concentrations were 1% and 546, t h e deton a t i o n developed i n about 2 and 0 . 5 microseconds, r e s p e c t i v e l y . This i s s i m i l a r t o t h e time t o detonation i n NM with no addit i v e s with shock p r e s s u r e s of about 7.5 t o 9.0 GPa, compared
t o t h e 6.0 GPa i n t h e s e experiments. An i n t e r e s t i n g phenomenon seen i n t h e framing-camera photos o f t h e s e two f i r i n g s was t h a t t h e i n i t i a t i o n occurred i n hundreds o f small c e n t e r s o f r e a c t i o n , which q u i c k l y coalesced i n t o t h e detonation f r o n t . The small c e n t e r s appeared f i r s t t o be d i s t r i b u t e d q u i t e randomly i n time and space. The p a t t e r n was f i n e r a t t h e h i g h e r concentration. T h i s i s remiscent o f t h e r e s u l t s s e e n previously i n t h e i n i t i a t i o n s t u d i e s o f heterogeneous explosives (~e f . l ? ) , except t h a t h e r e t h e number of r e a c t i o n s i t e s i s a f u n c t i o n o f i n c r e a s e d DETA concentration r a t h e r
t h a n increased pressure. However, both increased DETA conc e n t r a t i o n and increased pressure lower t h e time t o detonation.
Here i s a n o t h e r observation o f considerable i n t e r e s t . Now t h a t t h e detonation occurs i n about 1 microsecond, a s i n t h e e a r l i e r work (Ref. 6 ) a t 8 . 0 GPa, t h e detonation appears i n t h e streak-camera photos t o o r i g i n a t e a t t h e nitromethane f a c e first impacted. However, i t can be seen e a s i l y i n t h e framinp-camera photos t h a t t h e detonation is a c t u a l l y forming i n t h e narrow band where t h e r e a c t i o n s i t e s a r e coalescing. Thus, i n t h e o l d s t r e a k records (Ref. 6 ) , t h e detonation would have appeared t o come from t h e container-NM i n t e r f a c e . I n f a c t , i n some o f t h o s e e a r l y records, t h e r e a c t i o n l i g h t seems t o reach r a t h e r tenuously toward t h e i n t e r f a c e . This same phenomenon would have made it d i f f i c u l t f o r Hardesty (Ref. 2 6 ) t o observe t h e e x a c t p o s i t i o n o f t h e detonation f r o n t i n h i s i n i t i a t i o n study. Recent experiments (Ref. 2 5 ) on t h e i n i t i a t i o n o f l i q u i d n i t r i c oxide support t h e cont e n t i o n t h a t t h e detonation i s formed i n a narrow zone where t h e r e a c t i o n s i t e s a r e coalescing and n o t a t t h e containerexplosive i n t e r f a c e .
The BTNEA Experiment Fig. 7 . This explosive w a s chosen f o r t h i s experinient, because it appeared t h a t t h e CO and carbon dioxide molecules expected a s detonation products were a l r e a d y formed, and t h e i s o t o p i c l a b e l s would be found i n t h e CO and carbon dioxide products. The explosive was detonated i n a bomb calorimeter i n which t h e products were c o l l e c t e d and then analyzed f o r t h e i s o t o p i c r a t i o s -(~e f . 27). The experimental r e s u l t s show -t h a t t h e r a t i o s o f c12/c13 and 0 16)018 a r e e s s e n t i a l l y t h e same f o r a l l of t h e products containing C and/or 0 , and t h e y a r e n e a r l y equal t o t h e i s o t o p i c r a t i o s i n t h e o r i g i n a l BTNEA sample. The a n a l y
A homo eneous i d e a l explosive, b i s -t r i n i t r o e t h y l a d ip a t e (BTNEAY w a s synthesized with t h e i s o t o p i c l a b e l s (carbon t h i r t e e n and oxygen eighteen) introduced i n t o t h e p o s i t i o n s i n d i c a t e d i n
t i c a l values o f t h e r a t i o s were s a i d t o be well w i t h i n t h e experimental p r e c i s i o n of t h e determina t i o n . The conclusion t h a t i s obvious i s t h a t almost every
covalent bond was broken, t h e atoms were scrambled, and t h e y were randomly combined i n t o t h e detonation products. Quoting from t h e paper, "We must conclude t h a t , i n t h e case of t h e homogeneous i d e a l explosive, a l l of the bonds of t h e o r i g i n a l explosive molecules a r e , i n e f f e c t , broken during the detonat i o n process. These molecular fragments then must recombine i n a s
t a t i s t i c a l l y random fashion p r i o r t o t h e k i n e t i c " f r e e z e o u t " o f products during t h e a d i a b a t i c expansion
. C e r t a i n l y , d i f f u s i o n on a molecular l e v e l cannot be a n important r a t ec o n t r o l l i n g process. "
I s Detonation Velocity Determined by Thermodynamics o r Atomic Vibrational V e l o c i t i e s ?
From t h e e a r l y days o f t h e study o f explosives, deton a t i o n v e l o c i t i e s have been known t o be r e l a t i v e l y constant f o r a given explosive. I n t h e ZND and o t h e r hydrodynamic models, t h e major v e l o c i t y determinant i s considered t o be t h e thermodynamic content o f t h e explosive, which provides a d e f i n i t i v e pressure during t h e detonation. Reaction k i n e ti c s a r e considered t o be i r r e l e v a n t t o t h e process.
The NM-DETA experiments previously discussed i n d i c a t e t h a t k i n e t i c s may a f f e c t detonation v e l o c i t i e s . However, a s seen i n t h e DETA work (~e f . 23), even with a n almost 50% i n c r e a s e i n detonation pressure, t h e detonation v e l o c i t y of
NM increased only about 6%. I t appears obvious t h a t t h e r e i s some l a r g e energy l o s s o r some r e s t r a i n i n g f a c t o r . I s t h e r e some process t h a t c o n t r o l s t h e detonation's r e a c t i o n r a t e i n a chemical o r physical sense t h a t w a s n o t previously cons i d e r e d ?
Many r e c e n t quantum-mechanical and o t h e r (~e f . 2 5 ) k i n e t i c s s t u d i e s have supported t h e contention t h a t t h e shocked system i s not i n thermal ewuilibrium, p r i n c i p a l l y because t h e c a l c u l a t i o n s show t h a t t h e a c o u s t i c energy from shock waves i s t r a n s f e r r e d too slowly t o a thermally e q u i l ib r a t e d s t a t e of t h e intrarnolecular vibrons. These r e s u l t s support t h e concept o f t h e nonequilibrium n a t u r e o f t h e shockf r o n t processes (~e f . 4), but they do not h e l p much t o explain what i s occurring a t o r very near t h e shock f r o n t t o cause it t o a c c e l e r a t e , what causes t h e r e a c t i o n p a t t e r n s seen, and what causes the appearance o f t h e detonation a t o r very n e a r t h e f r o n t ; n o r does it t e l l u s why detonation v e l o c i t i e s should have t h e values t h e y do o r why they should be r e l a t i ve l y constant. These q u e s t i o n s w i l l be addressed below.
The 'scale of km/s i n which shock o r detonation v e l o c i --13 t i e s a r e u s u a l l y given i s t h e same s c a l e a s angstroms p e r s . Dremin (Ref. 20) and Holian; i n MD c a l c u l a t i o n s of detonating systems by Peyrard e t a l . , Lambrakos e t a l . , and E l e r t e t a l . ; i n quantum mechanical ( W ) c a l c u l a t i o n s by Coffey and Toton, Dancz and Rice, Z e r i l l i and o t h e r s ; i n l i g h t -r e f l e c t i o n experiments i n NM and water by H a r r i s and P r e s l e s , and Kormer, Campillo e t a l . , and o t h e r s . If t h i s i s so, t h e n t h e shock f r o n t energy i s held i n a v e r y narrow band, and t h e energyo r momentum-transfer r a t e i s enormous, as was c a l c u l a t e d by u s previously (Ref.
The s i g n i f i c a n c e of t h i s observation i s t h a t during shock i n i t i a t i o n o r detonation, t h e f r o n t i s moving across a coval e n t bond o f a n explosive i n a period on t h e o r d e r of t h e v i b r a t i o n a l frequency. When one c a l c u l a t e s t h e r e l a t i v e v e l o c i t y o f t h e v i b r a t i n g atoms i n a C , H , O , N system by t h r e e d i f f e r e n t methods (Ref. 2 5 ) , t h e s e v e l o c i t i e s a r e found t o f a l l i n t h e same magnitude a s t h e shock and detonation veloc i t i e s . Could t h i s be t h e key t o t h e v e l o c i t y r e s t r a i n t and t h e s t a b i l i z a t i o n o f detonation v e l o c i t i e s ? I n MD c a l c u l a t i o n s o f covalent systems ( s e e Ref. 25 f o r t h e references t o s t u d i e s reported i n t h i s paragraph) r e l a t e d t o organic explosives, John Hardy, Arnold Karo and I found a shock f r o n t t o be q u i t e narrow (about 10 t o 100 angstroms). This same r e s u l t was obtained i n MD c a l c u l a t i o n s by
) . This suggests t h a t t h e a c c e l e r a t i o n
and s h e a r f o r c e s i n t h e shock f r o n t a r e of t h e magnitude previously c a l c u l a t e d (Ref. 2 ) , which a r e o f t h e order t o mechanically s c i s s i o n covalent bonds, p a r t i c u l a r l y a t voids, s u r f a c e s , c r y s t a l d e f e c t s , e t c . If t h e Hugoniot curves o f a number of organic m a t e r i a l s a r e compared f o r t h e pressure range o f 0.2 t o 30 GPa, t h e shock v e l o c i t i e s a l l f a l l q u i t e c l o s e , running from about 3 t o 9 km/s.
The unreactive Hugoniots (no chemical energy r e l e a s e d ) o f t h e organic explosives a r e very n e a r l y t h e same. Now, i f t h e detonation pressures and v e l o c i t i e s o f most o f t h e common explosives a r e p l o t t e d on t h e same graph with t h e s e o t h e r v a l u e s , t h e y f a l l v e r y n e a r t h i s shock v e l o c i t y curve o f t h e i n e r t o r unreacted m a t e r i a l s (~e f . 3 and Fig. 8 ) .
If a small allowance (about 10%) i s made f o r t h e addit i o n t o t h e shock v e l o c i t i e s due t o t h e much h i g h e r temperat u r e s i n t h e d e t o n a t i n g explosives, a l l o f t h e D v a l u e s of t h e s e 15 commonly-used and s t u d i e d explosives a r e enclosed
i n t h i s small space between t h e Hugoniot shown f o r t h e i n e r t m a t e r i a l s , o r t h e unreacted curve f o r t r i a m i n o t r i n i t r o b a n z e n e (TATB), and t h e 10% i n c r e a s e l i n e . This means t h a t t h e extremely r a p i d r e l e a s e o f t h e g r e a t q u a n t i t i e s o f chemical energy i n t h e d e t o n a t i n g explosives has only a r e l a t i v e l y small e f f e c t on t h e shock o r detonation v e l o c i t y ( D ) . The p i s t o n formalism denies t h e importance o f and excludes k i n e t i c s from c o n s i d e r a t i o n . However, s i n c e t h e D s a r e i ndeed r e l a t i v e l y c o n s t a n t f o r a s p e c i f i c m a t e r i a l , a p h y s i c a l o r chemical explanation i s required.
Remembering t h a t shock f r o n t s c r o s s t h e i nt e r a t o m i c bonds o f organic m a t e r i a l s i n times of t h e same o r d e r a s t h e v i b r at i o n periods (~e f . 2 8 ) , I attempted t o c a l c u l a t e t h e r e l a t i v e v i b r a t i o n a l veloc i t i e s o f t h e atoms o f t h e s e bonds u s i n g t h r e e d i s t i n c t methods: (1)
i n f r a r e d and x-ray c r y s t a l - A r a t h e r simple p h y s i c a l explanation e x i s t s , t h e n , f o r a n e a r constancy o f d e t o n a t i o n v e l o c i t i e s . The v i b r a t i o n a l motion t h a t c a r r i e s t h e p r i n c i p a l band-scission a c t i v a t i n g energy can proceed through t h e d e t o n a t i n g explosive, even a t v e r y high temperatures, o n l y a t o r n e a r t h e r e l a t i v e v i b r ati0rBl v e l o c i t i e s . That i s why g r e a t l y i n c r e a s e d l e v e l s of shock p r e s s u r e and high temperatures add l i t t l e t o d e t o n a t i o n v e l o c i t i e s . Thus, a s shown i n Ref. 23, k i n e t i c s i s important and can change d e t o n a t i o n v e l o c i t i e s , b u t a l a r g e i n c r e a s e i n r e a c t i o n r a t e ( o r energy r e l e a s e r a t e ) and high a d d i t i o n a l p r e s s u r e (Ref. 24) make o n l y a small i n c r e a s e i n t h e D. T h i s does n o t mean t h a t thermodynamic energy content does n o t i nf l u e n c e d e t o n a t i o n v e l o c i t i e s o r explosive power o u t p u t . I t does mean, however, t h a t it i s n o t t h e thermodynamic energy c o n t e n t t h a t r e s t r a i n s t h e v e l o c i t i e s t o a range of about 5 t o 9 km/s.
) . I t was seen t h a t t h e d e t o n a t i o n veloc i t i e s f o r a l l o f t h e organic explosives l i e i n t h e band of v i b r a t i o n v e l o c i t i e s c h a r a c t e r i s t i c o f t h e C , H , O , N atom p a i r s (Ref. 2 8 ) . A d d i t i o n a l l y , we found t h a t t h e r e l at i v e v i b r a t i o n a l v e l o c it i e s r i s e slowly t o mode r a t e maxima even a t extremely high temperatures.
Another o b s e r v a t i o n (Ref. 29) on d e t o n a t i o n t h a t adds
concern about a p u r e l y thermodynamic c o n s t r a i n t i s t h a t D s measured along d i f f e r e n t c r y s t a l axes i n s i n g l e c r y s t a l s o f RDX and FETN have d i f f e r e n t v a l u e s . T h i s can be explained i n t h e new t h e o r y a s a . r e s u l t of d i f f e r e n t k i n e t i c s due t o d i f f e r e n t f r e e r a d i c a l s and molecular fragments and i o n s p e c i e s formed by t h e mechanical f o r c e s on t h e d i f f e r e n t molecular o r i e n t a t i o n s i n t h e c r y s t a l l a t t i c e s .
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The macroscopic e f f e c t
s o f t h e i n c r e a s e i n s e n s i t i v i t y t o shock i n i t i a t i o n caused by c r y s t a l d e f e c t s such a s v o i d s o r c r a c k s o r v e r y i r r e g u l a r c r y s t a l s t r u c t u r e o r t h e i n c l us i o n
o f heavy p a r t i c l e s i n a n explosive had been experimenta l l y observed. However, no c a l c u l a t i o n s on t h e atomic s c a l e had been found t h a t simulated t h e s e c o n d i t i o n s . Therefore, we completed a s e r i e s o f two-dimensional (2D) MD c a l c u l a t i o n s t o s t u d y t h e s e c o n d i t i o n s . I n every c a s e , t h e d e f e c t s t u d i e d showed a s u b s t a n t i a l i n c r e a s e i n t h e number o f bond s c i s s i o n s and Energy c o n c e n t r a t i o n s a t t h e s i t e s of t h e d e f e c t s (Ref.
25)
W e n e x t introduced a mathematical concept by which a n amount o f energy equal t o approximately t h e h e a t of detonat i o n p e r bond was added t o t h e c a l c u l a t i o n along a r e a c t i o n c o o r d i n a t e where bond s c i s s i o n had occurred. The i d e a cons i d e r e d was t h a t t h e r a d i c a l s formed from t h e endothermic bond f r a c t u r e would r e a c t i n about 10-13s, t h e r e b y adding exothermic r e a c t i o n energy t o t h e system n o t f a r from where t h e s c i ss i o n occurred, when t h e r a d i c a l s r e a c t e d . W e made a number o f c a l c u l a t i o n s i n d i f f e r e n t geometries and a t d i f f e r e n t i n i ti a l temperatures u s i n g t h i s " r e a c t i v e " p o t e n t i a l . The e f f e c t was dramatic (Ref. 3 ) . T h i s study i l l u m i n a t e d a n o t h e r f a c t o r --t h e time s c a l e s involved i n t h e d i f f e r e n t i n i t i a t i o n models t h a t had been proposed. The mechanical bond s c i s s i o n could l e a d t o exothermic r e a c t i o n a t times on t h e o r d e r of 1 0-I3s, and t h i s could, t h e r e f o r e , i n f l u e n c e t h e shock veloc i t y by providing s i g n i f i c a n t r e a c t i o n energy a t o r v e r y n e a r t h e shock f r o n t . On t h e o t h e r hand, t h e equilibrium thermal p r o c e s s e s proposed (gas compression, f r i c t i o n h e a t i n g , e t c . ) a l l r e q u i r e much l o n g e r t i m e s (on t h e ,order o f nanoseconds t o microseconds) t o provide s i g n i f i c a n t exothermic response. The shock f r o n t i n t h e s e c a s e s would be f a r downstream by such times. The shock energy i n both t h e l -D and 2-D c a l c u l a t i o n s d i d n o t couple w e l l with t h e thermal o r v i b r a t i o n a l energy i n t h e l a t t i c e s . This supported t h e conclusion s t a t e d earl i e r t h a t " t h e energy i n t h e shock f r o n t i s h i g h l y nonergodic and t h a t thermal equilibrium, p a r t i c u l a r l y between t h e t r a n sl a t i o n a l and v i b r a t i o n a l energy modes, does not e x i s t i n t h e f r o n t . " W e completed s e v e r a l s e r i e s of 2-D and some 3-D MD c a lc u l a t i o n s t o explore t h e f a c t o r s involved i n shock r i s e times and t h e a s s o c i a t e d shock-front widths, I n both t h e 2-D and 3-D s t u d i e s , t h e shock energy stayed l o c a l i z e d i n some small number o f l a y e r s ( 4 t o 15) o f atoms. I n c a l c u l a t i o n s w i t h t h e i n i t i a l v i b r a t i o n a l motion of t h e l a t t i c e atoms simulat i n g conditions n e a r t h e melting p o i n t o r cold (with no i n i t i a l thermal motion), t h e n e t r e s u l t s a s t o t h e shockf r o n t widths and t h u s t h e r i s e times were s i m i l a r (Ref. 25) .
If one considers t h e case i n which t h e shock f r o n t s t a y s coherent i n 12 l a y e r s of atoms (about 24 angstroms) and a n i n i t i a t i n g shock was proceeding i n t o the m a t e r i a l a t 4 angstroms i n 10-13s ( 4 km/s) t h e microscopic r i s e time would be 6 X 10-13s. I n t h e c a s e o f a detonation f r o n t moving a t 8 angstroms i n 10-I3s, t h e microscopic r i s e time i s 3 X 10-13s.
Allowing f o r some l a t t i c e i r r e g u l a r i t i e s and s l i g h t l y i ncreased intermolecular d i s t a n c e s i n r e a l systems, r i s e times could be neac picoseconds, and t h e shock width would be 
C a l c u l a t i o n s o f Shock-Induced Chemistry
A new f i e l d t h a t combines physics and chemistry has come i n t o prominence i n t h e p a s t decade. This research and development involves t h e s y n t h e s i s and f a b r i c a t i o n o f new compounds, a l l o y s , and o t h e r m a t e r i a l s through shock-induced chemical and physical reac*ion (~e f . 2 5 ) . The chemistry and physics i n t h e s e processes a r e d i r e c t l y r e l a t e d t o t h e shockinduced r e a c t i o n proposed i n t h e new theory.
To add more realism t o t h e MD c a l c u l a t i o n s , we made two diatomic s t u d i e s i n which n i t r i c oxide and s u l f u r n i t r i d e l a t t i c e s were simulated: i n t h e first case we c a l c u l a t e d t h e e f f e c t o f t h e impact o f a n aluminum p l a t e on a model facecentered-cubic n i t r i c oxide l a t t i c e containing a void; and i n t h e second c a s e , a s i m i l a r geometry was used i n which t h e aluminum p l a t e impacted a model face-centered-cubic s u l f u r n i t r i d e l a t t i c e . The c a l c u l a t i o n s were made i n each c a s e w i t h t h e i n i t i a l random motion o f t h e atoms r e p r e s e n t a t i v e o f room t e m p e r a t u r e and a g a i n when t h e systems were " c o l d , " w i t h no i n i t i a l thermal motion.
These f o u r s e t s o f c a l c u l a t i o n s were compared w i t h t h o s e o f a n e a r l i e r , more g e n e r a l , c o v a l e n t system. The same q u a li t a t i v e r e s u l t s were o b t a i n e d o f bond s c i s s i o n , w i t h atoms and m o l e c u l a r fragments f l y i n g acCoss t h e v o i d t o impact t h e o p p o s i t e w a l l s and cause f u r t h e r s c i s s i o n . When t h e r e a c t i v e p o t e n t i a l was used i n a s i m i l a r geometry i n a more g e n e r a l l a t t i c e , t h e i n i t i a l " s p a l l " from t h e i n n e r s u r f a c e of t h e v o i d and t h e impact on t h e o p p o s i t e v o i d f a c e l e d t o a c t i vi t y o f t h e atoms t h a t was v e r y s u g g e s t i v e o f h o t s p o t format i o n through f r e e -r a d i c a l c h e m i s t r y . These motions and s i mu l a t e d r e a c t i o n s a r e a l l nonergodic, nonequilibrium p r o c e s s e s .
SUMMARY OF MORE RECENT SUPPORTIVE EVIDENCE Sharma e t a l . r e p o r t e d (~e f . 31) s t u d i e s o f i n i t i a t i o n s i t e s found i n TATB shocked t o n e a r -i n i t i a t i o n l e v e l s . They found t h e s i t e s , by s c a n n i n g e l e c t r o n microscopy (SHVI), t o be t i n y h o l e s on t h e s u r f a c e s and edges o f t h e e x p l o s i v e g r a i n s .
They showed, by x-ray p h o t o e l e c t r o n s p e c t r o s c o p y (XPS), t h a t d e p o s i t s o f a c e t o n e -s o l u b l e r e a c t i o n p r o d u c t s i n t h e h o l e s were furoxan and f u r a z a n d e r i v a t i v e s o f TATB. T h e i r a n a l y s i s s u g g e s t e d t h a t t h e f u r o x a n product c o u l d r e a c t w i t h a d j a c e n t TATB molecules i n a n exothermic c h a i n r e a c t i o n t o g i v e a w a t e r molecule and a new furoxan. Thus t h e shock=formed f u r o x a n c o u l d immediately ( i . e . , i n 1 0 -l~ t o 1 0 -I 2 s ) provide r e a c t i o n e n e r g y v e r y n e a r t h e shock f r o n t . Sharma suggested t h a t t h i s r e a c t i o n could be i n v o l v e d i n t h e i n i t i a t i o n o f TNT a s w e l l . Tanaka e t a l . p r o v i d e a s t r o n g d e f e n s e o f t h e new t h e o r y . They r e p o r t (Ref. 3 2 ) t h a t a n e x p l o s i v e d e s i g n a t e d a s E25 (75% P E T N /~~$ p a r a f f i n ) a t a d e n s i t y o f 1.265 &cc h a s a measu r e d D o f 7.230 km/s, whereas p u r e PETN ( p e n t a e r y t h r i t o l t e t r an i t r a t e ) a t t h e same d e n s i t y has a measured D o f 6.60 km/s. However, t h e c a l c u l a t i o n u s i n g shock v e l o c i t i e s and t h e empiri c a l formula gave a v a l u e o f 7.267 km/s, w i t h i n o . 51% o f t h e measured v a l u e . T h i s i s w e l l w i t h i n t h e p r e c i s i o n o f D measurements. The c l a s s i c a l t h e o r y c a l c u l a t i o n missed t h e measu r e d v a l u e by 14.24%. The a u t h o r o f t h e p a p e r who r e p o r t e d t h e E25 d a t a s t a t e d t h a t , " A l l e q u a t i o n s -o f -s t a t e a v a i l a b l e t o u s cannot reproduce t h e s e r e s u l t s . " I n 1992, Brenner, Robertson e t a l . p u b l i s h e d r e s u l t s o f t h e i r MD s t u d i e s i n which t h e y u s e many-body i n t e r a t o m i c p o t e n t i a l s t o p r o v i d e more r e a l i s m t o t h e i r c a l c u l a t i o n s .
T h e i r e x c e l l e n t g r a p h i c s show i n unmistakable d e t a i l ( F i g . 9) t h e narrow shock and d e t o n a t i o n z o n e s , t h e massive mechanical f r a c t u r e o f t h e c o v a l e n t bonds, t h e f r e e atoms and m o l e c u l a r f r a g m e n t s , and t h e f r e e -r a d i c a l c h e m i s t r y i n and v e r y n e a r t h e f r o n t . These p r o c e s s e s a r e n o n e q u i l i b r i u m and n o n t h e m a l .
JOURNAL DE PHYSIQUE IV
B
. O 4 4 4 4 4 4 4 4 P P P P P P P P P P P P P P p P 4 4 4 4 4 4 4 4 P P P P P P P P shocks o f 5.17 t o 5.99 GPa t h e r e w a s no evidence o f HMX r ea c t i o n . However, t h e y showed by comparison with t h e s e r e s u l t s t h a t i n solvent-pressed HMX i n wedge t e s t s about 3 t o 7% of t h e HMX had r e a c t e d i n l e s s t h a n about 100 n s . They r e p o r t , "The observed h i g h e r shock v e l o c i t i e s i n t h e solvent-pressed d a t a we a t t r i b u t e t o a reaction-supported shock f r o n t . " Other p e r t i n e n t comments from t h i s paper a r e : " I m p l i c i t i n t h e u s e o f a d e t o n a t i o n product EOS i s t h e assumption t h a t chemical r e a c t i o n s o c c u r r i n g under t h e shock l o a d i n g condit i o n s of t h e wedge t e s t s go t o completion. Therefore, s i n c e e a r l y time r e a c t i o n s may o n l y proceed t o i n t e r m e d i a t e s t a t e s , t h e e x t e n t o f r e a c t i o n i n f e r r e d through r e a c t i v e modeling w i l l be c o n s e r v a t i v e . " "The g r e a t e s t u n c e r t a i n t y i n d e t e r m i n a t i o n o f s t a t e behavior o f HMX from measurements on a mixture i s t h e assumption o f a one-dimensional shock wave passing through a homogeneous medium. "
Snapshot
The information i n t h e s e f o u r r e f e r e n c e s e x p l i c i t l y adds s t r o n g support f o r t h e new Walker, Wasley, Karo (WWK) t h e o r y .
NEM EQUATIONS USED TO CALCULATE DETONATION VELOCITIES
I n 1968, Kamlet and Jacobs (Ref. 35 ) r e p o r t e d t h e development of two e m p i r i c a l e q u a t i o n s f o r c a l c u l a t i n g d e t o n a t i o n p r e s s u r e s and v e l o c i t i e s . With some s i m p l i f i c a t i o n of t h e i r concept and a n a l g e b r a i c d e r i v a t i o n , a simple e q u a t i o n f o r c a l c u l a t i n g D = f ( P ) was obtained:
When t h e d e t o n a t i o n d a t a f o r 1 4 v e r y d i f f e r e n t e x p l o s i v e s a r e compared by means o f t h i s r e l a t i o n s h i p , two i n t e r e s t i n g r e s u l t s appear:
( 1 ) The a l i p h a t i c compounds a r e a l l on one s i d e o f a n a v e r a g e d c u r v e , and t h e a r o m a t i c s ( p l u s s t e r i c a l l y -h i n d e r e d PETN) a r e a l l on t h e o t h e r s i d e .
( 2 ) With a s m a l l p o s i t i v e c o r r e c t i o n f o r hydrogen and n it r o g e n c o n t e n t ( t o compensate f o r t h e i r r e l a t i v e l y h i g h e r shock v e l o c i t i e s a t a g i v e n p r e s s u r e ) and a s m a l l o f f s e t f o r a r o m a t i c i t y , a n e q u a t i o n was formulated t h a t reproduces t h e d a t a f o r t h e 14 e x p l o s i v e s w i t h i n +l .57 and -1 -03%. That e q u a t i o n f o l l o w s :
where a = 0 i f t h e compound i s a r o m a t i c and a = 1 i f i t i s a l i p h a t i c , and H and N a r e t h e weight p e r c e n t s o f hydrogen P P and n i t r o g e n , r e s p e c t i v e l y .
The concept u n d e r l y i n g t h e e q u a t i o n i s t h a t d e t o n a t i o n v e l o c i t y i s p r i n c i p a l l y a r a t h e r simple Hugoniot r e l a t i o n s h i p , D = f ( P ) . More e x p l i c i t l y , thermodynamic f a c t o r s , t h e EOSs, a n d even r e a c t i o n r a t e s have l i m i t e d i n f l u e n c e on t h e a c t u a l v a l u e s o f D.
K a m l e t ' s e m p i r i c a l e q u a t i o n f o r c a l c u l a t i n g d e t o n a t i o n p r e s s u r e s i s p r o b a b l y a s u s e f u l a s t h e TIGER thermodynamic code w i t h t h e complex EOSs t h a t a r e u s e d , and we have shown t h a t t h e D s f o r 48 v e r y d i f f e r e n t e x p l o s i v e s c a n be c a l c ul a t e d a c c u r a t e l y ( w e l l w i t h i n t h e e x p e r i m e n t a l e r r o r o f t h e b e t t e r measured v a l u e s ) from t h e Hugoniot v a l u e s o f t h e e l ements t h a t make up t h e e x p l o s i v e s . The e q u a t i o n used i s a s f o l l o w s :
where USi i s t h e shock v e l o c i t y o f t h e elements a t PC-,J, f i i s t h e atomic w e i g h t f r a c t i o n o f t h e e l e m e n t , and Tc i s a s m a l l c o r r e c t i o n ( a b o u t 3 t o 8%) (~e f . 25) r e q u i r e d because t h e d e t o n a t i o n t e m p e r a t u r e s a r e c o n s i d e r e d t o be a b o u t 2500 t o 5000 K , whereas t h e Hugoniot v a l u e s o f t h e elements a r e u s u a l l y measured between a b o u t 70 and 950 K . The DS f o r 21 o f t h e b e s t -c h a r a c t e r i z e d e x p l o s i v e s were c a l c u l a t e d w i t h CONCLUSIONS I t i s concluded: (1) T h a t t h e new concept o f p h y s i c a l k i n e t i c s i s a v a l i d c o n c e p t f o r d e t e r m i n i n g r e a c t i o n r a t e s i n d e t o n a t i o n s and i n h i g h l y shocked systems. Shock and detonat i o n v e l o c i t i e s a r e r e l a t e d d i r e c t l y t o t h e a v e r a g e r e l a t i v e v i b r a t i o n a l v e l o c i t i e s o f t h e atom p a i r s i n C , H , 0 , N m a t e r i a l s .
( 2 ) T h a t t h e e x c e e d i n g l y h i g h k i n e t i c e n e r g y i n t h e d e t on a t i o n f r o n t i s s u f f i c i e n t t o c a u s e massive f r a c t u r e o f t h e c o v a l e n t bonds o f t h e m o l e c u l e s o f e x p l o s i v e s ( a n d o t h e r o r g a n i c s ) a t and n e a r t h e f r o n t , s o t h a t t h e l a r g e m a j o r i t y o f t h e m o l e c u l e s a r e b r o k e n t o i n d i v i d u a l atoms o r r a d i c a l s a n d a r e r e a r r a n g e d e x t e n s i v e l y , and t h a t t h e r a t e s of t h e s u b s e q u e n t v e r y r a p i d chemical r e a c t i o n s c a n be i n f l u e n c e d by t h e a d d i t i o n i n t h e e x p l o s i v e s o f c h e m i c a l s p r o v i d i n g e n h a n c i n g o r i n h i b i t i n g r e a c t i o n s .
( 3 ) T h a t t h e s i m p l e Eq. 5 i s a r a t i o n a l e q u a t i o n , b a s e d on a p p r o p r i a t e Hugoniot p r i n c i p l e s , which p r o v i d e s f o r v e r y a c c u r a t e c a l c u l a t i o n o f d e t o n a t i o n v e l o c i t i e s from t h e shock v e l o c i t i e s of t h e e l e m e n t s i n t h e e m p i r i c a l formulae o f t h e e x p l o s i v e s .
( 4 ) T h a t t h e c o n c e p t s o f p h y s i c a l k i n e t i c s and t h e s m a l l i n c r e a s e i n v i b r a t i o n a l v e l o c i t i e s w i t h i n c r e a s i n g temperat u r e p r o v i d e t h e e a r l i e r m i s s i n g p i e c e s t h a t now e x p l a i n t h e r e l a t i v e c o n s t a n c y o f d e t o n a t i o n v e l o c i t i e s .
( 5 ) T h a t t h e comparison p r e s e n t e d h e r e i n shows t h a t t h i s new modern t h e o r y ( t h e WWK t h e o r y ) o f t h e i n i t i a t i o n a n d d e t o n a t i o n o f e x p l o s i v e s p r o v i d e s a r e a l i s t i c m i c r o s c o p i c d e s c r i p t i o n o f and s i g n i f i c a n t u t i l i t y i n u n d e r s t a n d i n g and c a l c u l a t i n g e x p l o s i v e s phenomena. 
